Cassaglia PA, Griffiths RI, Walker AM. Cerebral sympathetic nerve activity has a major regulatory role in the cerebral circulation in REM sleep. J Appl Physiol 106: 1050 -1056, 2009. First published January 15, 2009 doi:10.1152/japplphysiol.91349.2008.-Sympathetic nerve activity (SNA) in neurons projecting to skeletal muscle blood vessels increases during rapid-eye-movement (REM) sleep, substantially exceeding SNA of non-REM (NREM) sleep and quiet wakefulness (QW). Similar SNA increases to cerebral blood vessels may regulate the cerebral circulation in REM sleep, but this is unknown. We hypothesized that cerebral SNA increases during phasic REM sleep, constricting cerebral vessels as a protective mechanism against cerebral hyperperfusion during the large arterial pressure surges that characterize this sleep state. We tested this hypothesis using a newly developed model to continuously record SNA in the superior cervical ganglion (SCG) before, during, and after arterial pressure surges occurring during REM in spontaneously sleeping lambs. Arterial pressure (AP), intracranial pressure (ICP), cerebral blood flow (CBF), cerebral vascular resistance [CVR ϭ (AP Ϫ ICP)/CBF], and SNA from the SCG were recorded in lambs (n ϭ 5) undergoing spontaneous sleep-wake cycles. In REM sleep, CBF was greatest (REM Ͼ QW ϭ NREM, P Ͻ 0.05) and CVR was least (REM Ͻ QW ϭ NREM, P Ͻ 0.05). SNA in the SCG did not change from QW to NREM sleep but increased during tonic REM sleep, with a further increase during phasic REM sleep (phasic REM Ͼ tonic REM Ͼ QW ϭ NREM, P Ͻ 0.05). Coherent averaging revealed that SNA increases preceded AP surges in phasic REM sleep by 12 s (P Ͻ 0.05). We report the first recordings of cerebral SNA during natural sleep-wake cycles. SNA increases markedly during tonic REM sleep, and further in phasic REM sleep. As SNA increases precede AP surges, they may serve to protect the brain against potentially damaging intravascular pressure changes or hyperperfusion in REM sleep. blood pressure; cerebral blood flow; rapid-eye-movement sleep; sleep; sympathetic CEREBRAL BLOOD VESSELS have a rich extrinsic sympathetic innervation (8), but despite intensive study the exact function of these vasoconstrictor nerves in cerebrovascular regulation remains uncertain (35). A widely held view is that sympathetic nerve activity (SNA) plays a vital protective role under conditions that threaten the integrity of cerebral blood vessels (5). Among the proposed mechanisms for this protection is prevention of hyperperfusion during elevations of arterial pressure (AP), like those that occur naturally during extreme stress such as weightlifting and sexual activity (30), or during wide cerebral vasodilatation such as that stimulated by hypoxia and hypercapnia (4, 44).
blood pressure; cerebral blood flow; rapid-eye-movement sleep; sleep; sympathetic CEREBRAL BLOOD VESSELS have a rich extrinsic sympathetic innervation (8) , but despite intensive study the exact function of these vasoconstrictor nerves in cerebrovascular regulation remains uncertain (35) . A widely held view is that sympathetic nerve activity (SNA) plays a vital protective role under conditions that threaten the integrity of cerebral blood vessels (5) . Among the proposed mechanisms for this protection is prevention of hyperperfusion during elevations of arterial pressure (AP), like those that occur naturally during extreme stress such as weightlifting and sexual activity (30) , or during wide cerebral vasodilatation such as that stimulated by hypoxia and hypercapnia (4, 44) .
Sleep represents a setting in which SNA could play a prominent regulatory role in limiting excessive cerebral blood flow (CBF), as there are substantial differences in cerebral perfusion between sleep-wake states (14) . Among sleep-wake states, rapid-eye-movement (REM) sleep is of particular interest as it is characterized by significant vasodilatation and high CBF exceeding that of non-REM (NREM) sleep and wakefulness (14) . Large circulatory disturbances are also common in REM sleep, notably dramatic hypertensive episodes occurring in animals (16) and in humans (40) , placing the brain at risk of excessive transmural pressure and edema.
As yet, no direct recordings of cerebral SNA have been performed to examine the temporal relationship between AP and SNA in sleep. However, recent examinations offer support for the potential for SNA to play a protective role during sleep. Bilateral excision of the superior cervical ganglion (SCG) results in CBF increments during the phasic AP surges of REM sleep that are ϳ100% higher than the normal baseline level (25) ; these indirect data suggest that SNA may normally protect against excessive increments of CBF when AP rises rapidly in sleep. In further support of a protective role of cerebral SNA during AP surges, cerebral SNA increases promptly following imposed AP elevations in anesthetized lambs (6) .
While it is unknown whether efferent SNA affects cerebral blood vessels in humans, SNA directed to noncerebral (skeletal muscle) vasculature varies substantially between sleep-wake states, increasing greatly on entering REM sleep (40) . Further increases in muscle SNA have also been observed in patients who suffer from obstructive sleep apnea (OSA) (39) . It is unclear whether cerebral SNA might also be augmented in OSA, where it may contribute to CBF variability and possibly to cerebral hypoperfusion (18) . Such hypoperfusion could possibly contribute to adverse effects such as ischemic stroke and long-term cognitive deficits commonly observed in OSA patients (26, 32) .
In this study we developed a novel animal model for direct recording of cerebral SNA in sleep. We hypothesized that cerebral SNA normally increases to protect the cerebral circulation against excessive blood flow during periods of REM sleep, when cerebral blood vessels are widely dilated and AP is remarkably variable. In test of this hypothesis, we recorded cerebral SNA continuously in wakefulness and sleep, focusing on the temporal relationship between SNA and AP before, during, and after the transient hypertensive episodes of phasic REM sleep. Surgery. Lambs were instrumented for sleep studies under general anesthesia (halothane 1.5%, oxygen 50%, balance N 2O). The scalp was incised along the sagittal suture and a section (2 cm ϫ 2 cm) was removed immediately anterior to the lambdoid suture, exposing the superior sagittal sinus. A transit-time ultrasonic flow probe for CBF recording (2-mm diameter, Transonic Systems, Ithaca, NY) was implanted around the sinus. The technique has been validated for continuous quantitative beat-beat measurement of cerebral venous outflow (16) .
METHODS

Animals
A saline-filled catheter (1.57 mm ID, 2.41 OD) was placed under the dura to record intracranial pressure (ICP). Heparin-saline filled nonocclusive catheters (0.86 mm ID, 1.52 mm OD) were implanted in the femoral artery for arterial blood pressure (AP) monitoring and blood sampling and in the femoral vein for drug and antibiotic injections.
To determine sleep-wake states, Teflon-coated stainless steel electrodes were placed on the parietal cortex (electrocorticogram, ECoG), subcutaneously at the inner and outer canthus of the left eye (electrooculogram, EOG), and in the dorsal musculature of the neck (electromyogram, EMGn).
Multiunit recordings of efferent SNA were obtained using previously published methods (6) . Briefly, a pair of Teflon-coated lightweight tungsten (California Fine Wire) microelectrodes (shaft diameter 25 m with a 1-mm bared tip, impedance ϳ80 k⍀) was inserted into the SCG. A silver reference electrode (0.5 mm) was secured to nearby tissue.
Sympathetic nerve recording. The neural signal was amplified (ϫ25,000) using AI 402 ultra-low-noise differential amplifiers (0.09 V RMS noise, DC to 2,000 Hz; Axon Instruments, Foster City, CA), filtered to minimize low-frequency noise (100 -2,000 Hz) using Cyberamp (Axon Instruments) and, together with pressure signals, digitized and recorded at a sampling frequency of 10 kHz using a data acquisition-recording system (Powerlab, v5.3, ADI Instruments). Chart v5.3 (ADI Instruments) was used for storage and off-line analysis of all digitized signals, including power spectral analysis. Activity was verified as sympathetic postganglionic efferent nerve activity using hexamethonium infusion (Sigma, St. Louis, MO; 5 mg/kg iv over 1 h). Background system noise determined by postmortem measurements was 2.5 V peak-peak (1.6 V RMS) (6) .
Sleep studies. Data were recorded during spontaneous sleep-wake cycles beginning 48 h after surgical procedures. Lambs were allowed free access to food throughout the study. Room lighting (12:12-h light-dark cycles) and temperature (23-25°C) were controlled.
Sleep-wake states were defined using electrophysiological recordings, supplemented by low-light video observation. Quiet wakefulness (QW) was scored when the lamb was lying down with some eye movements and EMGn tone present. In NREM sleep, eye movements were absent, EMGn activity was low, and the ECoG displayed high-voltage, low-frequency activity. Two periods of REM sleep were identified: tonic REM sleep where eye movements were prominent, EMGn activity was absent (atonia), and the ECoG displayed a high-frequency low-voltage pattern; and phasic REM sleep, characterized by intermittent muscle twitches observed on the EMGn as well as irregularities in cardiovascular parameters, notably in blood pressure (37) . Transition into phasic REM sleep was identified as the point in REM sleep when marked blood pressure instability became clearly evident, and termination of phasic REM sleep as the point where blood pressure resumed a stable level (Fig. 1) .
The CBF probe was connected to a flowmeter (model T101, Ultrasonic Blood Flow Meter, Transonic Systems, Ithaca, New York). Analysis. Measurements of mean AP (MAP), CBF, cerebral vascular resistance (CVR), and RMS of the raw SNA signal (square root of the mean of the squares, SNA RMS) from well-defined epochs of QW, NREM, and REM were averaged second by second using Chart v5.3 (ADI Instruments). CVR was calculated from the average values as CVR ϭ (AP Ϫ ICP)/CBF. MAP, CBF, CVR, and SNA RMS were normalized to wakefulness values in each lamb, and values obtained for different sleep states were expressed as a percentage of this value. Percent changes in SNA RMS from wakefulness were calculated after correction for system noise. For comparisons of cerebrovascular data and SNA between sleep-wake states, tonic REM sleep, phasic REM sleep, and NREM sleep values were averaged second by second over 10-s intervals in a stable period uncompromised by movement artifact, contiguous with or close to a period of QW.
We collated AP surges of Ͼ20% increase above baseline in phasic REM sleep to analyze the relative timing of phasic cardiovascular events and SNA RMS. Coherent second-by-second averages of MAP, CVR, CBF, and SNARMS were analyzed over a 90-s period, beginning 30 s before and ending 60 s after the onset of the MAP surge; to avoid weighting by individual animals, surges (4 -10 per animal) were averaged for each lamb. The period between Ϫ30 s and Ϫ26 s was defined as baseline. Time zero was defined as MAP surge onset and identified as the first of three consecutive time point (second) increases in AP leading up to a surge.
The break point in the SNA RMS vs. time curve was identified using an analytical process based on polynomial regression analysis and ANOVA (45) . For this analysis, data were selected from Ϫ30 s to 0 s relative to the AP surge onset. Briefly, each value of SNA RMS was fitted with two regression lines intersecting at a test point (break point) and iteratively moved across the range of time (seconds), adding the residual sums of squares at each iteration. The breakpoint was identified as the SNA RMS value at which the residual sums of squares reached a minimum.
Statistics. Data were averaged for each lamb, then for each the group, and presented as means Ϯ SE. Mean values of MAP, CBF, CVR, and SNA RMS for sleep-wake states were compared using one-way repeated-measures ANOVA with Student-Newman-Keuls post hoc analysis. As data were not normally distributed, Friedman repeated-measures ANOVA on ranks with Dunnett's post hoc analysis was used to compare values of CBF, CVR, and SNA RMS at 5-s intervals before surge onset (Ϫ30 s to zero) and between 0 to 60 s postsurge against baseline (Ϫ30 s). A probability (P) of Ͻ0.05 was considered significant.
Animal characteristics. The weight of lambs at study was 6.9 Ϯ 0.4 kg and age 14 Ϯ 2 days. Arterial blood gas and pH values during QW [arterial PCO 2 ϭ 40.2 Ϯ 0.7 mmHg, arterial PO2 ϭ 94.8 Ϯ 2.1 mmHg, pH ϭ 7.44 Ϯ 0.01, base excess ϭ 2.6 Ϯ 0.3 mmol/l, arterial oxygen saturation (SaO 2) ϭ 96.1 Ϯ 0.6%, n ϭ 5] were normal for newborn lambs and similar to published values that show no differences between the phases of sleep and wakefulness (23, 25) .
RESULTS
Circulatory and SNA differences between sleep-wake states.
A representative recording of AP, CVR, CBF, and SNA in a spontaneously sleeping lamb is shown in Fig. 1A . The polysomnogram shows a period of NREM sleep followed by a transition into REM sleep before an arousal into QW. REM sleep is characterized by significant AP variability and elevated CBF. CVR increases during the transient AP surges of phasic REM sleep, before subsequently declining in the tonic REM sleep phase. SNA increases before the onset of AP surges of phasic REM sleep and remains elevated throughout their duration.
The power spectrum of the SNA signal in each sleep-wake state is represented in Fig. 1B . There is an increase in peak power of ϳ100% in tonic REM sleep and ϳ150% in phasic REM sleep from QW centered at 200 -250 Hz. There was no difference in power or change in center frequency observed between NREM sleep and QW.
As previously described for lambs (15, 25) , baseline cerebral hemodynamics were significantly altered by sleep-wake state (Table 1) . CBF was greater (P Ͻ 0.05) in tonic REM sleep than QW and NREM sleep, with a further increase in phasic REM sleep, while CVR was lower (P Ͻ 0.05) in tonic REM sleep than QW and NREM sleep. Sleep epoch durations were typical for lambs in laboratory studies (23) . Figure 2 , A-D, shows group averages of MAP, CBF, CVR, and SNA RMS in each sleep state relative to QW (n ϭ 5). MAP ( Fig. 2A) did not change significantly from QW to NREM sleep (96.9 Ϯ 2.2%) or tonic REM sleep (97.2 Ϯ 3.4%) but increased in phasic REM sleep where the pressure was significantly higher than all other states (129.2 Ϯ 6.4%, P Ͻ 0.05). CBF (Fig. 2B ) did not change from QW to NREM sleep (97.4 Ϯ 2.2%) but increased significantly on transition into tonic REM sleep (124.6 Ϯ 6.3%, P Ͻ 0.05) with a further significant increase during phasic REM sleep (148.9 Ϯ 16.6%, P Ͻ 0.05). CVR (Fig. 2C) did not change from QW to NREM sleep (100.7 Ϯ 3.2%) but decreased significantly after the transition into tonic REM sleep (73.8 Ϯ 7.3%, P Ͻ 0.05) before increasing in phasic REM sleep to a value comparable to QW (108.0 Ϯ 13.4%).
SNA RMS (Fig. 2D ) did not change in the transition from QW to NREM (101.6 Ϯ 1.5%) but increased significantly during tonic REM sleep (119.4 Ϯ 3.2%, P Ͻ 0.05), with a further significant increase during phasic REM sleep where it reached its highest level (140.4 Ϯ 7.2%, P Ͻ 0.05).
SNA in phasic REM sleep. Coherent second-to-second averages of MAP, CBF, CVR, and SNA RMS in 35 blood pressure surges occurring during REM sleep are shown in Fig. 3 . Peak MAP during the surge was 130.1 Ϯ 3.0% and peak CBF 125.4 Ϯ 7.3%. The rise in CBF preceded the onset of the MAP surge (time 0) so that CBF was already elevated at surge onset (107.1 Ϯ 2.4%, P Ͻ 0.05). CBF returned to baseline values within 20 s of the MAP onset while MAP remained elevated (P Ͻ 0.05). CVR steadily decreased in the period leading up to the onset of the MAP surge, reaching 92.2 Ϯ 3.8% (P Ͻ 0.05) at time 0, then increasing during the MAP surge. SNA RMS began to rise before the onset of the MAP surge, reaching 123.8 Ϯ 7.2% (P Ͻ 0.05) at time 0. SNA RMS peaked at 145.6 Ϯ 10.8% before decreasing to baseline in a pattern similar to CBF (P Ͻ 0.05). Break-point analysis identified that the onset of the SNA RMS increase preceded the onset of the MAP surge by 12 s (Fig. 3, arrow) .
Hexamethonium infusion. SNA decreased with hexamethonium infusion (5 mg⅐kg Ϫ1 ⅐h Ϫ1 ) as illustrated in Fig. 4A . Expressed as a percentage of QW (100%), SNA RMS was 109.2% in tonic REM sleep, 96.9% during infusion of hexamethonium, and 93.8% at postmortem. Power spectral analysis (Fig. 4B) showed peak SNA power at 200 -250 Hz after hexamethonium infusion (ϳ20%) to be substantially less than the QW (100%) and tonic REM sleep (ϳ175%) values, and comparable to the postmortem value (ϳ15%).
DISCUSSION
We report the first description of cerebral SNA during natural sleep, based on chronic recordings of SNA from the SCG of sleeping lambs. Our novel recordings demonstrated similar SNA in QW and NREM sleep but revealed a significant increase in SNA during periods of tonic REM sleep, signifi- Our new data support a protective role for the sympathetic nervous system in the cerebral circulation in sleep, particularly in phasic REM sleep. We have shown for the first time that SNA to cerebral vessels increases during periods of tonic REM sleep while AP is relatively stable; speculatively, this could be part of a mechanism by which sympathetic nerves are activated during tonic REM sleep in anticipation of large increases in AP that occur in phasic REM sleep. That CBF increases during tonic REM sleep despite a significant fall in CVR, unchanged AP, and increased SNA probably reflects the influence of local mechanisms such as flow-metabolic coupling that dominate CBF regulation in REM sleep.
Further SNA increases occurred during phasic REM sleep, suggesting that sympathetic activation plays an important role when AP is unstable and cerebral microvessels may be vulnerable to large fluctuations in cerebral perfusion pressure (20) . By moving the cerebral autoregulation curve to the right (10), augmentation of SNA during AP surges in REM sleep may compensate for the much slower cerebral autoregulation of REM sleep compared with NREM sleep and QW (15) . Also, SNA increases promptly, within 10 s of imposed AP increases (6), substantially faster than the response time of the autoregulatory mechanism in REM sleep (35 s) (15) .
A major aim of our study was to employ continuous SNA recordings to investigate the exact temporal relationship of cerebral SNA and the natural surges in AP that commonly occur during phasic REM sleep. We found that the increase in SNA precedes the onset of the AP surge by several seconds (Figs. 1 and 3) . We propose that this anticipatory increase in SNA represents the activation of an integrated process that aims to limit excessive pressure and flow in cerebral vessels as AP rises. Interestingly, the augmentation of SNA coincides with a developing cerebral vasodilatation, perhaps arising from neuronal activation (47) that also precedes the AP surge (Fig.  3) . The coincidence of the two processes may represent counterbalance of the developing metabolic-induced vasodilatation by SNA-induced vasoconstriction.
Our direct measurements of SNA add to several other lines of evidence that support a protective role for SNA in the cerebral circulation when AP changes rapidly. Previously, CVR has been shown to increase during rapid recovery from hypotension in the human (31) and during acute hypertension in the rat (42) . In our study SNA recorded in the SCG increases promptly in response to acute, imposed elevations of AP (6) and is graded in proportion to the extent of the AP increase. These data (6) support the suggestion that there is reflex augmentation of cerebral SNA in response to elevated AP.
Additionally, sympathetic innervation of the cerebral vasculature has a restraining effect on CBF not only at baseline AP, but also during the hypertensive periods of REM sleep (25) . In our recent study, bilateral excision of the SCG in lambs resulted in an increase in baseline CBF of 33% during REM sleep (25) . Furthermore, the effects of denervation were magnified during spontaneous AP surges in REM sleep, in that CBF immediately before the AP surge was already in excess of the highest level reached in the intact animal; subsequently, CBF rose to a level that was ϳ100% greater than the baseline and 33% greater than the peak in the intact animal (25) . Moreover, the transient elevations of CBF in REM sleep were not only larger after SCG excision but also more prolonged (25) , in keeping with the clear prolongation of SNA throughout the AP surge (Fig. 3) . On the basis of our direct measurements of SNA activity, the previously held concept that the cerebral circulation escapes autonomic regulation by the brain stem during REM sleep (33) needs review, as the sympathetic vasoconstrictor arm clearly imposes a significant restraint on CBF in this sleep state.
Finally, although SNA increases when AP is elevated, it fails to increase when AP is lowered (6) . Thus cerebral SNA appears not to be activated for the purposes of systemic AP control, but for the specific purpose of protecting the cerebral microcirculation. Although the REM sleep-related increase bears some similarity to skeletal muscle vessel SNA, it differs in that skeletal muscle SNA is terminated during the surges in AP (40) . Similarly, cerebral SNA differs from lumbar SNA (28) and renal SNA, which decrease during REM sleep (27) . Taken together these varying SNA responses support inclusion of the cerebral circulation in the concept of differential control of regional SNA outflow (29) and add to the concept of substantial regional differences in the repatterning of SNA during REM sleep.
Previously, arterial baroreflex activity has been shown to play an important role in the regulation of CBF and the position of the breakthrough point in the cerebral autoregulatory curve at high AP (7) . The breakthrough point is shifted to higher AP by inhibition of the arterial baroreceptor reflex, augmenting efferent SNA and promoting cerebral vasoconstriction. Inhibi- tion of the efferent baroreflex pathway to cerebral vessels is important in permitting elevated cerebral SNA as AP increases, together conferring protection on the cerebral microcirculation against hyperperfusion (7, 17) . It has been speculated that such inhibition may occur as a component of augmented SNA during natural behaviors involving the hypothalamus and other limbic structures (42) . Likewise, the augmentation of SNA that we observed to anticipate AP increases in REM, although primarily originating in hypothalamic-limbic centers (21) , may include simultaneous baroreflex inhibition originating in the hypothalamic structures regulating sleep (36) , but this requires further investigation.
These new data add the dimension of sleep-wakefulness to earlier studies suggesting a regulatory role for SNA in the cerebral circulation. In a classic study in anesthetized cats, stimulation of cerebral sympathetic innervation significantly restrained the rise of CBF that accompanied rapid imposed rises in cerebral perfusion pressure (5) . Denervation studies in anesthetized rats (34) and pigs (12) have shown that sympathetic nerves to cerebral blood vessels attenuate increases in CBF during imposed hypertensive episodes. Cerebral sympathetic nerves also prevent disruption of the blood-brain barrier during elevated AP in cats (20) . Together, these data suggest a major restraining effect of the sympathetic nervous system on CBF during AP elevation.
Cerebral SNA increased significantly during periods of tonic REM sleep while AP was relatively stable; speculatively, this could be part of a mechanism by which sympathetic nerves are activated during tonic REM sleep in anticipation of large increases in AP that occur in phasic REM sleep. That CBF increases and CVR decreases during tonic REM sleep despite increased SNA most likely reflects the influence of local mechanisms such as flow-metabolic coupling that dominate CBF regulation in REM sleep (14) . Balancing this metabolic-induced vasodilatation, accentuated SNA may serve to place a "brake" on CBF as a protection against hyperperfusion. The further SNA increases that occurred during phasic REM sleep suggest that sympathetic activation plays an important role when AP is unstable and cerebral microvessels may be vulnerable to large fluctuations in cerebral perfusion pressure (20) . This is the first animal model described for chronic multiunit recording of cerebral SNA in sleep-wake states. Previous multiunit recordings of SNA in sleep have been restricted to extracerebral structures (22, 27, 28, 40) . Our method exploits recording from the SCG, which contains a mixed population of neurons supplying cerebral blood vessels as well as other extracerebral structures such as the eye, salivary glands, and skin. The characteristics of the compound action potentials we recorded in sleep are in keeping with classic descriptions of sympathetic neuronal activity, with a power spectral peak at 200 -250 Hz (1) and are also similar to that found in SCG recordings in anesthetized lambs (6) . As for cardiac SNA (22), we observed reductions in the SNA signal following ganglion blockade with hexamethonium, signifying that the activity was postganglionic. With the intention of sampling neurons innervating cerebral blood vessels, we inserted the electrodes into the cranial quadrant of the SCG that predominantly contains vasoconstrictor nerves projecting to cerebral blood vessels. Of the total population of neurons in this region of the ganglion, as many as 75% project to the internal carotid nerve (ICN) (3, 13,  19 ). Of the ICN-derived fibers, the overwhelming majority (90%) are likely to innervate cerebral blood vessels, based on the much greater mass and blood flow of the brain compared with the other tissues innervated by the ICN, principally skin (38) .
Sympathetic nerves may also influence cerebral capacitance vessels to regulate ICP and cerebral blood volume (2, 11) . Although the cerebral veins are not as densely innervated as arterial vessels, stronger vasoconstriction may occur as veins are more sensitive to adrenergic stimulation (2, 9) . After cervical sympathectomy, cerebral blood volume is significantly elevated in mice (11) , and the rise of ICP that occurs during AP elevations is augmented (25) . In further support of venous regulation by cerebral SNA, a reduction in cerebral blood volume during sympathoexcitatory stimulation occurs in conscious humans and is attributed in part to active venoconstriction (46) .
Our demonstration of significant SNA activity during sleep, and the augmentation of this activity during arterial pressure disturbances in sleep, adds a new dimension to the recent debate on whether sympathetic perivascular nerves normally regulate CBF (24, 41, 43) . Sleep, along with a number of other real-life behaviors, such as fright, sexual activity, and weightlifting, in which large increases of AP occur naturally (30), represents a state in which prompt, protective rises in SNA may guard against cerebral hyperperfusion.
In conclusion, we have made direct recordings of SNA from the SCG during sleep-wake states. This new information has demonstrated that cerebral SNA is sleep-state dependent and increases during periods of unstable hemodynamics during REM sleep where it may act to protect the microcirculation from excessive increases in perfusion pressure and flow. This new model provides a powerful new tool for investigating the importance of the sympathetic nervous system in regulating the cerebral circulation in normal sleep and also in sleep disrupted by obstructive respiratory events that elevate AP variability.
